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The Earth’s mantle is characterised by large thermal heterogeneities associated with hot rising plumes
and cold downwelling slabs. These lateral temperature variations in excess of 1000 K may have a crucial
inﬂuence on the rheology of mantle rocks. Here we use a numerical multiscale model that allows us to
make predictions from ﬁrst principles with no adjustable parameters on the deformation of MgO under
the extreme conditions of mantle pressure, temperature and strain rate, in order to investigate the
sensitivity of mantle viscosity to the temperature heterogeneities inferred from a global high resolution
mantle circulation model. Our results show that under the very low strain rates of the mantle, MgO
deforms mostly at low stresses (few tens of MPa) in an athermal regime, where the deformation is insen-
sitive to both temperature and strain rate, leading to a very weak phase throughout much of the upper
half of the lower mantle. In its lower half, the weak phase gives way to high material strength with ther-
mally activated viscosities in the cold downwelling slabs, while much of the hot upwelling ﬂow remains
in the athermal regime, resulting in large lateral variations in the inferred material strength of MgO. Our
results suggest the presence of large lateral viscosity variations in the deepest parts of the lower mantle,
associated in particular with the graveyard of old subducted oceanic lithosphere.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Much of the geological activity (plate tectonics, volcanism or
mountain building) observed at the surface of our planet is driven
by convection in Earth’s mantle. Being mostly constituted of solid
rocks, its ﬂow results from the ability of mantle minerals and poly-
crystalline assemblages to creep under very slow strain rates. The
extreme pressure and temperature conditions of the Earth’s mantle
have profound implications on the rheology of rocks and minerals.
In recent years considerable efforts have been devoted to the
development of deformation experiments under mantle P, T condi-
tions. However, most of the mantle remains inaccessible to experi-
mental studies of deformation. Multiscale modelling represents a
promising alternative to describe the behaviour of solids. It allows
one to link our understanding of a few elementary mechanisms
(usually at the microscopic scale) with the behaviour observed at
the macroscopic scale. This approach has been recently appliedto model plastic ﬂow in MgO under Earth’s mantle pressure, tem-
perature and strain rates (Cordier et al., 2012). We found that once
the inﬂuence of pressure and strain rate are taken into account, the
rheology of MgO strongly depends on temperature. Above a critical
temperature Ta called the athermal transition temperature, ther-
mal activation is sufﬁcient to overcome lattice friction and incipi-
ent plastic shear becomes temperature independent. The solid
exhibits a purely plastic behaviour and ﬂows under a constant
stress determined by the microstructure. Below Ta, the rheology
of MgO is thermally activated and can be described through a vis-
cous ﬂow law. Comparing Ta with mantle temperatures puts strong
constraints on the rheology of MgO. In Cordier et al. (2012), Ta has
been compared with the average temperature increase through the
Earth’s mantle (the geotherm). The temperature of the geotherm
rises only slightly with depth throughout most of the mantle.
Only in the narrow thermal boundary layer at the core mantle
boundary does the temperature increase rapidly over a depth
range of a few hundred kilometres. This has led to a layered model
where the viscous rheology of MgO would be restricted to a c.a.
500 km-thick layer at the base of the lower mantle. Although the
lower mantle has long been supposed to have rather simple prop-
erties, which could be described within a radial 1D model, there is
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description of 3D heterogeneities. Recent high-resolution global
mantle circulation models (MCMs) have highlighted the impor-
tance of thermal heterogeneities, which can be of the order of
±1000 K. In the present study, we take advantage of the results of
such MCM to describe the spatial variations of the rheological
properties of MgO under lower mantle conditions.Table 1
Multiscale viscosity model of MgO calculated for 1016 s1 strain rate. Values are
in Pa s.
Temperature (K)
Pressure (GPa)
30 60 100 140
0 6.00E+24 7.50E+24 9.20E+24 1.15E+25
100 4.60E+24 6.26E+24 8.42E+24 1.06E+25
200 3.56E+24 5.12E+24 7.64E+24 9.65E+24
300 2.71E+24 4.50E+24 6.89E+24 8.78E+24
400 1.99E+24 3.93E+24 6.17E+24 7.96E+24
500 1.41E+24 3.40E+24 5.48E+24 7.17E+24
600 9.37E+23 2.91E+24 4.83E+24 6.43E+24
700 5.73E+23 2.46E+24 4.22E+24 5.74E+24
800 3.08E+23 2.05E+24 3.66E+24 5.08E+24
900 1.34E+23 1.68E+24 3.13E+24 4.47E+24
1000 4.03E+22 1.34E+24 2.65E+24 3.90E+24
1100 6.43E+21 1.05E+24 2.21E+24 3.37E+24
1200 5.09E+20 8.00E+23 1.81E+24 2.89E+24
1300 5.86E+23 1.45E+24 2.44E+24
1400 4.10E+23 1.14E+24 2.04E+24
1500 1.29E+23 8.70E+23 1.68E+24
1600 4.30E+22 6.41E+23 1.36E+24
1700 1.02E+22 4.52E+23 1.07E+24
1800 1.79E+21 3.02E+23 8.30E+23
1900 1.87E+23 6.22E+23
2000 1.06E+23 4.50E+23
2100 5.31E+22 3.12E+23
2200 1.98E+22 2.04E+23
2300 5.66E+21 1.25E+23
2400 1.44E+21 6.96E+22
2500 3.50E+22
2600 1.55E+22
2700 6.07E+21
2800 2.14E+212. Multiscale modelling of the rheology of MgO under lower
mantle conditions
Here we brieﬂy present the multiscale model of MgO deforma-
tion developed in Amodeo et al. (2011) and recently applied at
Earth’s lower mantle conditions (Cordier et al., 2012). Plastic
deformation of solids is carried by lattice defects (point defects,
dislocations, grain boundaries). Dislocations represent generally
the most efﬁcient strain-producing mechanism, so we focused on
the contribution of dislocation glide on the rheology of MgO.
Indeed we observe in most materials that lattice friction (i.e. the
force opposed to dislocation motion) increases under the inﬂuence
of conﬁning pressure (Bulatov et al., 1999; Carrez et al., 2009; Yang
et al., 2001). The ability of dislocations to glide and produce strain
under mantle conditions is thus a fundamental parameter. Lattice
friction results from the actual atomic arrangements on the
dislocation line, a region called the dislocation core. The more a
dislocation core spreads into a given crystallographic plane, the
easier is its glide in this plane. In MgO, there exist only one kind
of dislocations characterised by their Burgers vector ½h110i (i.e.,
the elementary shear left after the dislocation line) which can glide
in several potential crystallographic planes, {100} and {110} being
the most common. In this approach, the core structure of ½h110i
dislocations is modelled using the Peierls–Nabarro–Galerkin
method (Denoual, 2004) with c-surfaces calculated at the atomic
scale from ﬁrst-principles as an input. This is where the electronic
structure and the inﬂuence of pressure are taken into account. We
ﬁnd that under increasing conﬁning pressure over c.a. 30 GPa, the
easiest slip planes switch from {110} to {100} (Amodeo et al.,
2012). This property has been conﬁrmed by deformation-DIA
creep experiments (Girard et al., 2012). Dislocation motion under
ﬁnite temperature results from the conjugate inﬂuence of stress
and thermal activation. The glide mechanism involves nucleation
of kink pairs on the dislocation line, which represents the critical
conﬁguration between two dislocation positions. The activation
enthalpies for this kink-pair mechanism are determined using
the elastic interaction method (Koizumi et al., 1993). This knowl-
edge allows one to derive ﬂow stress proﬁles r(P, T) (i.e., the criti-
cal stress required to plastically deform MgO) from mesoscopic
scale approaches such as discrete dislocation dynamics sim-
ulations (Bulatov et al., 2006; Devincre and Kubin, 1997;
Weygand and Gumbsch, 2005). Our results show that deformation
mechanisms are highly temperature-dependent in MgO. However,
two regimes must be distinguished. Based on the terminology
used for metallic materials (Kubin et al., 1998), we deﬁne two
main deformation regimes delimiting the athermal transition tem-
perature Ta. The two regimes account for different mechanisms
resulting in contrasted macroscopic behaviours:
(i) the thermally activated regime which is effective below Ta
accounts for lattice friction on individual dislocations.
There, dislocation-produced ﬂow is time dependent and
results in an apparent viscosity.
(ii) the athermal regimewhere the dislocation microstructure and
contact reactions between defects govern plasticity. There,
dislocation-produced ﬂow is time independent and MgO
behaves as a pure plastic solid. Even if an apparent viscositycan always be calculated from the ratio of the stress to the
strain-rate, its value is non uniquely deﬁned since the stress
is not anymore controlled by the strain-rate, but by an uncon-
trolled, external, parameter: the dislocation microstructure.
Table 1 shows m(P, T) viscosity proﬁle for 1016 s1 imposed
strain rate and low dislocation density (108 m2). At low tempera-
tures, deep in the thermally activated regime, dislocation glide is
controlled by lattice friction that constrains deformation under
high stresses only. This is where rheology becomes highly non-lin-
ear and viscosity reaches values up to 1024–1025 Pa s. For close-to-
Ta temperatures, stresses decrease due to the temperature con-
tribution to the activation energy. This leads to lower viscosity val-
ues nearby the 1021–1022 Pa s range expected for the Earth’s
mantle viscosity (Mitrovica and Forte, 2004). In Table 1, blanks
stand for temperatures above Ta (athermal regime) where stresses
are governed by the forest dislocations microstructure (Amodeo
et al., 2014) and do not depend on strain rate. Therefore, the model
does not enable univocal viscosity calculation for this regime. In
order to ﬁt the thermal heterogeneity model, data presented in
Table 1 have been interpolated every 10 K/0.5 GPa using splines.
In the mantle conditions of strain rate, the computed viscosity pro-
ﬁle is not sensitive to dislocation density (see Supplementary
information at for further details on this issue). The viscosity
map m(P, T) is presented Fig. 1.3. Temperature ﬁeld from a mantle circulation model
Mantle circulation models have now reached a state where they
are able to represent a realistic range of temperature variations in
the Earth’s mantle (Bower et al., 2013; Davies et al., 2012;
Schuberth et al., 2009b). This is achieved through numerically solv-
ing the set of equations that govern the motion of a viscous ﬂuid at
sufﬁciently high grid point resolution to model ﬂow at Earth-like
convective vigour; that is, at Rayleigh numbers of the order of
Fig. 1. Interpolated m(P,T) viscosity proﬁle for 1016 s1 strain rate. The dashed line refers to the athermal transition temperature.
Fig. 2. Temperature and viscosity extrema. On the left panel, solid lines represent
the global mean temperature (black) in addition to negative (blue) and positive
(red) larger lateral temperature variations inferred from the S09-M2 model
(Schuberth et al., 2009b). The dashed line shows the athermal transition tempera-
ture Ta deduced from the multiscale model of MgO deformation (Amodeo et al.,
2011; Cordier et al., 2012). On the right panel, the solid black line circles a viscosity
window (radial viscosity) referring to the global mean temperature. The solid blue
line refers to higher viscosity values, deduced from the larger negative variations of
temperature. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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(Schuberth et al., 2009b), which will be called S09-M2 in the fol-
lowing. The calculations were done with the parallel ﬁnite element
code TERRA (Bunge et al., 1996, 1997) that was implemented on a
dedicated compute cluster designed for large-scale geophysical
modelling (Oeser et al., 2006). TERRA solves for the momentum
and energy balance at inﬁnite Prandtl number (i.e. no inertial
forces) in a spherical shell. Compressibility effects are incorporated
in form of the anelastic liquid approximation. The effects of phase
transitions on mantle ﬂow dynamics are not included in model
S09-M2.
Apart from a high numerical resolution with global grid spacing
of c.a. 25 km, model S09-M2 is based on a minimum set of assump-
tions: (1) a large-scale ﬂow structure related to the history of plate
motions (Lithgow Bertelloni and Richards, 1998; Ricard et al.,
1993), which is assimilated into the model as time-dependent sur-
face velocity boundary conditions, (2) a radial three-layer viscosity
proﬁle that agrees with post-glacial rebound and geoid observa-
tions (Hager, 1984; Paulson et al., 2007) as well as with the
inferred rate of true polar wander (Schaber et al., 2009). The three
layers are identiﬁed as the lithosphere, upper mantle and lower
mantle, separated at 100 and 650 km depth with assigned viscosi-
ties of 1023, 1021 and 1023 Pas respectively, (3) isochemical whole
mantle ﬂow with strong plume ﬂux (Bunge, 2005). To this end,
the CMB temperature is kept constant at 4200 K, which yields a
core heat ﬂow or c.a. 12 TW (about 35% of the outﬂow at the top
of the mantle).
Most important to note here is that the temperature variations
of S09-M2, give rise to seismic heterogeneity that compares well to
tomographic models of shear wave velocity in terms of the magni-
tude of anomalies (Schuberth et al., 2009a). Furthermore, long-pe-
riod body wave traveltime residuals obtained from simulations of
wave propagation through the synthetic seismic structures of
S09-M2 match the seismic observations well in terms of their stan-
dard deviation (Schuberth et al., 2012).
Fig. 2 (left panel) shows the range of temperatures in the mantle
predicted from model S09-M2. Plotted are the global minimum,
mean, and maximum temperatures as a function of depth. In a vig-
orously convecting and well-mixed mantle, the temperature dis-
tribution is typically characterised by a large peak close to the
mean in most depths (i.e. much of the mantle volume comprises
regions having temperatures close to mean temperature of that
depth level) away from the thermal boundary layers. Weak and
extended tails on either side of the peak correspond to the sinkingslabs on the cold and active upwelling plumes on the hot side. The
temperature decrease of hot upwellings during their ascent
through the mantle is much larger than the temperature increase
of the downgoing slabs. This depth-dependence of both cold and
hot temperatures seen in Fig. 2 and the related negative and posi-
tive excess temperatures (i.e., difference with respect to the mean)
can be understood from the combination of two effects: (i) The
adiabatic gradient in the mantle depends on temperature and is
thus different for different potential temperatures (i.e., cold and
hot mantle material); (ii) The mean mantle geotherm likely is
sub-adiabatic due to internal heating by radioactive decay (e.g.,
Bunge, 2005).
For the cold slab material in the mantle, which has low poten-
tial temperatures, this means that the adiabatic temperature
increase is modest. In addition, thermal conduction is not effective
enough to heat the material during its descent in the mantle. Thus,
temperatures in the coldest regions increase only slightly from
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close to the core-mantle boundary (CMB). The variability of the
minimum temperature with depth is related to the fact that plate
motion histories are used as surface boundary condition. This leads
to a varying amount of cold material over time that enters the
material during subduction. Moreover, the descending material
corresponds to plates of different age, which therefore will have
different slab temperatures.
Hot upwellings in model S09-M2 are generated from the strong
thermal boundary layer in D00 that develops due to the CMB tem-
perature boundary condition of 4200 K. This CMB temperature is
in agreement with a large number of recent studies, as discussed
in Schuberth et al. (2009b), and gives rise to plume excess tem-
peratures in the lowermost mantle of around +1000 K and more.
Near the surface, however, excess temperatures of mantle upwel-
lings as obtained from petrological measurements are rather small,
ranging between +200 and +300 K (e.g., Schilling, 1991).
Nevertheless, these numbers are entirely consistent with a high
CMB temperature and a strong thermal gradient across the D00.
The maximum absolute temperatures in the mantle decrease
strongly from bottom to top. Plumes experience a strong tempera-
ture reduction during their ascent, as they follow a steeper adia-
batic gradient compared to the slabs owing to their higher
potential temperature. The temperature distribution in plumes is
expected to be nearly adiabatic, as they rise relatively quickly
through the mantle, on a timescale on the order of a few tens of
Myrs. In combination with the sub-adiabaticity of the ambient
mantle, this leads to the large differences in excess temperatures
between deep and shallow mantle mentioned above.4. Implications of thermal heterogeneities on the rheology of
MgO
4.1. Radial distribution
Cordier et al. (2012) show that viscosity may be deduced from
ﬂow stress proﬁles r(P, T) below Ta. In the case where a simple
radial temperature proﬁle is considered, only the deepest part of
the mantle (beyond 2000 km depth) is characterised by the ther-
mally activated regime of MgO and thus shows a viscosity in the
range of 1021–1022 Pa s (referred as radial viscosity in Fig. 2).
Based on a simple bracketing algorithm, the multiscale viscosity
model is constrained for the coldest temperatures of model S09-
M2 (Fig. 2, blue curve), which are well below the mean tempera-
ture. For this purpose, the pressure/depth relation is described by
a fourth order polynomial adjustment of the PREM modelFig. 3. Extreme values of temperature below each point of latitude and longitude in m(Dziewonski and Anderson, 1981). Results are presented Fig. 2,
right panel.
In case of the large negative temperature variations, the win-
dow in which viscosity can be deﬁned (maximal viscosity in
Fig. 2) is now considerably enlarged covering the entire lower
mantle compared to the one deduced from the mean temperature
proﬁle (radial viscosity in Fig. 2). Furthermore, as emphasised in
Table 1, viscosity increases with decreasing temperature. In addi-
tion to its spatial range, the viscosity amplitude is therefore also
raised up to 1024–1025 Pa s for the coldest temperatures, which
coincide with maximal lattice friction. The inferred average radial
viscosity values for the deepest part of the lower mantle are
around 1023 Pa s. It is important to note that this is the same as
used in the underlying mantle circulation model and variations
around that value stay below 1 to 2 orders of magnitude through-
out the entire lower mantle.
An interesting observation is that below a depth of about 2100–
2200 km, also material warmer than average is in the thermally
activated regime. In other words, in the lowermost few hundred
kilometres of the mantle, it is possible to apply the multiscale vis-
cosity model also for part of the upwelling plume material, which
has moderate excess temperatures. The dashed line in Fig. 2, in
fact, shows that the closer the material is to the CMB, the hotter
the material can get to still be in the thermally activated regime.
This is intriguing as it may have consequences on the dynamics
of the lowermost mantle, in particular at the edges of upwelling
regions; that is, at the contact between accumulated slabs and
the large low shear velocity provinces (LLSVP) imaged by seismic
tomography (e.g., Grand et al., 1997; Houser et al., 2008; Kennett
et al., 1998; Kustowski et al., 2008; Li et al., 2008; Masters et al.,
2000; Montelli et al., 2006; Panning and Romanowicz, 2006;
Ritsema et al., 2010; Simmons et al., 2010; van der Hilst et al.,
1997). Most important, the depth range in which part of the buoy-
ant material can be assigned a viscosity by the rheological model is
limited to the lowermost 500 km of the mantle, which coincides
with the height of the seismically imaged LLSPVs. Below, we dis-
cuss the lateral variations in viscosity that result from the tempera-
ture distribution of model S09-M2 in more detail to illustrate
where the potential dynamical consequences could be most rele-
vant. We note that in this study we focus on describing the viscos-
ity variations that result from post-processing of the temperature
ﬁeld of the mantle circulation model with the multiscale approach
of MgO deformation. We do not provide a full numerical investiga-
tion of the dynamic consequences of the rheological model and its
feedback on mantle ﬂow. This would require modelling the
mechanical properties of other rock phases as olivine and per-
ovskites, which is postponed to a future study.odel S09-M2. Left: the minimum temperature; right: the maximum temperature.
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Fig. 3 shows how the extreme values of temperature in model
S09-M2 vary spatially. Plotted is the minimum temperature below
each point of latitude and longitude (left panel) as well as theFig. 4. Temperature and viscosity variations at 720, 1760, 2260, 2440 and 2800 km de
inferred from the multiscale viscosity model.maximum temperature (right panel). One can see that minimum
and maximum temperature regions exhibit a high radial correla-
tion; that is, higher temperatures on the map of minima relate to
higher temperatures on the map of maxima (and vice versa). In
other words, cold and hot regions are underlain by cold and hotpth. Grey domains refer to athermal regime conditions where viscosity cannot be
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ence is characteristic for buoyancy driven convection and is also
imaged by seismic tomography for Earth’s mantle (e.g., Becker
and Boschi, 2002). This behaviour can, for example, be seen for
the circum-Paciﬁc region that has experienced subduction over
the past 200 Ma (e.g., Seton et al., 2012). Inside the Earth’s lower
mantle, it is thus possible to distinguish cold regions (e.g., below
the Cocos, the Caribbean and parts of the North-American plates
as well as below the south and eastern part of the Eurasian plate)
and warm regions (e.g., below the centre of the Paciﬁc plate and
between Africa and the Mid-Atlantic ridge down to the
Southwest Indian ridge as well as below the centre of Eurasia),
where the colder regions have been referred to as a graveyard for
subducted oceanic lithosphere (e.g., Richards and Engebretson,
1992).
The temperature distribution inside Earth’s lower mantle as
given by model S09-M2 has a strong impact on the lateral varia-
tions in viscosity. Fig. 4 shows the predicted viscosity distribution
at depths of 720, 1760, 2260, 2440 and 2800 km. See
Supplementary materials at for videos which detail the evolution
of temperature and viscosity proﬁles throughout the entire lower
mantle. While viscosity can be deﬁned only in very few regions
of the upper part of the lower mantle (i.e., at 720 km depth,
Fig. 4a and b), larger domains occur deeper. At 1760 km depth
(Fig. 4c and d), several low temperature regions exist where viscos-
ity domains already appear, for example below the south of the
Eurasian plate and the upper part of the North-American plate.
These regions correspond to material of the subducted Paciﬁc
and Farallon plates, respectively.
Boundaries deﬁned by locally higher temperatures surround
such domains, which appear as a pattern of alternating low and
high temperatures underlined by blue and red linear features,
respectively. The higher temperatures in these boundary regions
do not lead to domains where viscosity can be deﬁned (i.e., they
are too hot to be in the thermally activated regime), while cooler
regions exist right next to them for which the rheological model
predicts rather low viscosities of around 1020–1021 Pa s.
The elevated temperatures around cold material are related to
the fact that slabs reaching the CMB need to spread horizontally
thereby pushing hot material upward. This hot upwelling material
itself drags part of the cold slab material upward again by viscous
coupling, which gives rise to moderately cold temperature streaks
paralleling the hot linear features.
In the deepest part of the lower mantle below 2000 km depth,
viscosity domains can be clearly identiﬁed in Fig. 4f, h and j that
correlate well with the low-temperature domains of Fig. 4e, g
and i. Corresponding viscosities range between 1022 and 1024 Pa s
with a strong dominance towards higher values so that most of
the cold regions directly above the CMB are mechanically rather
strong. Most of the warm areas, on the other hand, are in the ather-
mal regime, as can be seen from the large grey regions in the vis-
cosity map at 2800 km depth (Fig. 4j). The dynamically most
interesting effect at that depth appears at the borders of the hot
regions. There, temperatures, while being higher than average,
are low enough to fall within the thermally activated regime.
Therefore, viscosities can be deﬁned, which however, are rather
low with values of less than 1021 Pa s. As can be seen from
Fig. 4j, these regions of moderately hot and low viscosity material
encircle the hot upwelling regions as very thin bands. These weak
bands could potentially represent regions of localised deformation
decoupling to some extent the upwelling material from the sur-
rounding mantle. The dynamic consequences, however, are difﬁ-
cult to predict, as the major part of the upwellings is pre-
dominantly in the athermal regime; that is, dominated by plastic
instead of viscous ﬂow.Further interesting effects of the temperature variations in
model S09-M2 on the distribution of viscosity happen at 2260
and 2440 km depth. There, the slabs also show very high viscosities
of 1024 Pa s; that is, similar to the values of the cold spread-out
regions right above the CMB. Most of the edges of the hot regions
are still in the athermal regime, as well as some very hot parts in
their interior. However, at these shallower depths vast parts are
cool enough to show viscosities, for example, in the centre of the
Paciﬁc, under most of Eurasia, and under South Africa and the east-
ern part of the Atlantic. At 2440 km depth, the viscosities in these
warm regions are on the order of 5  1022 Pa s, while they are only
around 1–5  1021 Pa s further up at 2260 km depth. Interesting to
note is that the boundary regions of upwellings are to a large
extent in the athermal regime, which on the warm side (i.e.,
towards their interior) are bounded by very low viscosities of less
than 1021 Pa s. At the contact to the cold regions, viscosities ﬁrst
are very low, also at less than 1021 Pa s, which however then pass
through into very high values of around 1024 Pa s for regions with
the coldest temperatures before falling off to lower values again for
the moderately cold regions further away from the hot areas. The
potential importance of this complex behaviour becomes clear in
the light of direct seismic observations made at the rims of the
LLSVPS, which seem to be characterised by steep edges with sharp
gradients in seismic velocities (e.g., To et al., 2005).5. Concluding remarks
The primary goal of our work is to link our understanding of
deformation mechanisms at the microscopic scale with the beha-
viour observed at the macroscopic scale, thereby improving our
insight into the different rheological regimes that may exist under
the extreme pressure and temperature conditions of the deep
Earth. Since much of the mantle remains inaccessible to experi-
mental studies of deformation, not least because of the low strain
rates prevailing under the conditions of the solid-state convective
motion of the mantle, multiscale material deformation modelling
offers much potential to constrain deep mantle ﬂow regimes.
An important result, also reported in Cordier et al. (2012), is the
occurrence of an athermal regime of MgO throughout much of the
upper part of the lower mantle. In this mantle region, MgO seems
to be weak and a viscosity cannot be deﬁned. In fact, geodynami-
cists have known for a long time that mantle ﬂow models using
a simple, linear, depth-dependent rheology provide a good ﬁt to
the observed long-wavelength Geoid (e.g., Hager and Richards,
1989). Our predictions from the rheological model of MgO seem
to be consistent with this result. Deformation in the upper part
of the lower mantle is only mildly dependent on strain rate in
the regions that are cold enough to be in the thermally activated
regime (at these depths, stress exponents are close to 1 for relevant
temperatures; c.f. Fig. 3 in (Cordier et al., 2012)). The vast majority
of the lower mantle upper part, however, is in the athermal regime,
where deformation is also insensitive to temperature in addition to
being insensitive to strain rate. At greater depth, the viscosity
increases again due to the increasing inﬂuence of pressure.
Equally interesting is the possibility, suggested by our modelling
results, that large viscosity variations may be associated with the
strong lateral temperature variations expected in the deep mantle.
In particular, we ﬁnd that high material strength may be linked to
the low temperature of subducting oceanic slabs. The possibility of
signiﬁcant mechanical strength residing within subducted oceanic
lithosphere agrees with the low sinking rates (on the order of 1 cm/
yr) inferred from seismic tomographic models for downgoing ocea-
nic slabs (e.g., Butterworth et al., 2014; Ricard et al., 1993;
Shephard et al., 2012).
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